Abstract-Microstructural evolution within thin films is dictated by energy minimization that can arise due to different mechanisms. Conventional treatments that estimate the driving force associated with elastic strain energy often employ a fibertextured microstructure to arrive at an analytical solution. By approximating the case of a recrystallized grain in a randomly oriented film as an elastically anisotropic inclusion in an elastically isotropic matrix, we can apply Eshelby's inclusion method to calculate both the interaction strains and the strain energy density generated by this elastic incompatibility. A comparison of these two approaches for grains with cubic symmetry reveals that a lower amount of elastic strain energy is generated in the case of an elastically anisotropic grain in an isotropic matrix, suggesting that it is less energetically favorable for Cu (111) grains to recrystallize in films possessing strong (111) texture than in randomly textured films. High-resolution X-ray diffraction measurements are used to extract the difference in the elastic response between recrystallized grains and the untransformed matrix, providing experimental quantification of the induced interaction strains. In addition, the corresponding elastic strain energy values are compared with the appearance of recrystallized (100) grains as a function of film thickness, allowing for a threshold energy density to be extracted. This threshold energy density can be correlated to the difference in surface energy values between (100)-and (111)-oriented grains.
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I. INTRODUCTION
T HE effects of substrate constraint on the microstructural evolution in overlying thin films suggest that elastic strain energy can play an important role in recrystallization [1] - [4] . For example, Cu films that were removed from underlying substrates exhibited much less grain growth than the corresponding films deposited on NaCl and Si substrates [5] FCC materials with a Zener anisotropy factor greater than 1, a lower strain energy density is predicted during the growth of (100)-oriented grains than (111)-oriented grains in the case of an in-plane, biaxial strain state. However, historical treatments used to calculate the strain energy density often assume a single texture component: e.g., (100) grain in a (100) matrix, which does not consider the mechanical interaction that can be generated between grains with different orientations. Recently, the Eshelby inclusion method has been applied to the case in which elastically anisotropic grains grow in a randomly oriented, elastically isotropic matrix [6] . This calculation of the elastic strain energy density can be expressed as a function of the orientation of the recrystallized grain with respect to the sample. With this approach, we hope to link the difference in strain between recrystallized grains and their host matrix to the observed evolution of texture that reduces the elastic strain energy density of the film.
II. STRAIN ENERGY CALCULATION

A. Fiber-Textured Films
The calculation of elastic strain energy in fiber-textured, thin films possessing cubic symmetry has been accomplished by Murakami 
Through the use of the constitutive equation:
we can convert the third boundary condition in (1) to one which is only a function of the applied in-plane strain:
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energy density, U FIB , can be calculated using (1)- (3):
C iijj is an invariant quantity for cubic crystals and is equal to 3(C C 1111 + 2C C 1122 ). By employing the following representations for the individual stiffness tensor components [7] : where a ij refer to the components of the rotation matrix that transform from the crystal to the sample coordinate system, we can simplify the bracketed terms in (4): 
The components of the rotation matrix in (6) correspond to the Miller indices of the out-of-plane orientation [hkl]:
and can be represented by a single orientation parameter, Γ:
Combining these terms, we form the final expression for (4):
revealing that the elastic strain energy density is independent of the in-plane orientation of the (hkl) grain. . These effects are mandated by Neumann's principle [9] where the elastic properties must possess the symmetry elements of the constituent crystal. While this treatment confirms the elastic strain energy differences between (100) and (111) grains, it does not incorporate the effects of elastic incompatibility between different texture components that alter the strain state among neighboring grains.
B. Eshelby-Kröner Model
Let us assume that the initial microstructure of the copper film can be represented by a polycrystalline sample composed of single-phase grains that are randomly textured. Randomly oriented, polycrystalline ensembles can be reduced to an elastically isotropic matrix possessing elastically anisotropic inclusions by the Eshelby inclusion method as implemented by Kröner [10] , [11] . If we assume that the average grain size in the untransformed matrix is much smaller than the inclusion size, both of which are much smaller than the film thickness, then we can approximate the case of a single grain in a randomly textured film as an elastically anisotropic, spherical inclusion surrounded by an infinite, elastically isotropic matrix. Again, the direction normal to the film surface, x 3 coincides with the [hkl] orientation of the inclusion. For an isotropic elasticity tensor, 2 independent elastic constants are necessary for its representation: C 
where δ refers to the Kronecker delta symbol. If we assume the same loading condition that an isotropic, biaxial in-plane strain, ε // , is applied to the sample and that the out-of-plane stress, σ 0 33 , is zero, the non-zero components of the applied strain tensor can be represented as:
Let ε * ij refer to the interaction strain, and C INC ijkl the stiffness tensor of the inclusion. The total stress state in the inclusion, σ INC ij , is a combination of the applied stress, σ 0 ij , and the interaction stress, σ ij :
where H klmn refers to the Eshelby tensor [10] , [12] . The elegance of Eshelby's method, as reflected in Equation (12), is that the stress state in the elastically anisotropic inclusion is equivalent to an elastically isotropic inclusion with the subtraction of a term that depends on the interaction strain tensor. Equation (12) can be rewritten in the following manner:
where I klmn is the identity tensor. A set of 6 simultaneous equations can be generated from (13) to solve for the 6 independent components of ε * ij based on the 6 known values of ε 0 ij . If we assume a spherical inclusion in an infinite matrix, the Eshelby tensor H ijkl will also exhibit isotropic symmetry:
where
, we can rewrite these coefficients as:
Note that the above analysis holds for a spherical grain with arbitrary elastic symmetry. If we assume cubic crystal symmetry, (13) can be further simplified. Since the bulk modulus of a material possessing cubic symmetry is invariant, the trace of the interaction strain tensor, ε * ii , is zero. Equations (10)- (15) can be combined to produce: Fig. 2 illustrates the difference in the elastic response of an Eshelby inclusion with two different orientations in an elastically anisotropic matrix under the action of an isotropic, in-plane strain. An elastically isotropic inclusion would deform to the geometry corresponding to the dotted ellipsoids, while a (100)-oriented grain, in which the elastic modulus along the inplane axes is more compliant than that of the isotropic matrix, will exhibit greater in-plane deformation than the corresponding matrix. For a (100) grain, the two in-plane components of the interaction strain tensor, ε * 11 and ε * 22 , will be positive and will experience greater Poisson contraction along the outof-plane direction, x 3 , than an isotropic inclusion, so that ε * 33 < 0. The converse situation is displayed in Fig. 2(b) for a (111)-oriented grain, which exhibits less in-plane deformation (ε * 11 , ε * 22 < 0) and less Poisson contraction (ε * 33 > 0) than the corresponding isotropic matrix.
In order to quantify the interaction strain tensor components, we must first determine explicit values of the stiffness tensor coefficients C can be determined due to the invariance of the trace of single crystal stiffness tensors that possesses cubic symmetry [9] :
The elastic strain energy density, U ESH , can be written as:
where it is assumed that the boundary conditions involve fixed displacements [10] . It can be shown that:
Note that, since the elastically isotropic value of Young's modulus, E, can be represented by (2C
2 )), (20) can also be written as:
The complete form of (19) can be reduced to [6] :
where the last term of (22) comes about from the fact that the trace of the interaction strain tensor is zero.
III. EXPERIMENTAL DETAILS
To determine the evolution of strain and texture in electroplated Cu films during room temperature recrystallization, X-ray diffraction characterization was undertaken. Ta/TaN barrier layers were sputter deposited onto Si (001) substrates with a 0.5 μm thick, thermally grown SiO 2 layer. 50 nm thick Cu seed layers were then sputter deposited onto which Cu films were electroplated with thicknesses ranging from 0.4 μm to 1.0 μm. Diffraction measurements were conducted at Brookhaven National Laboratory's National Synchrotron Light Source X20A beamline using a photon energy of 9.2 keV [15] . Diffraction optics consisted of a single-bounce Ge (111) analyzer crystal placed in a non-dispersive configuration with the sample, resulting in an incident beam profile that can be described by a Lorentzian peak with a 0.008
• FWHM. Symmetric radial scans of the (111) and (200) peaks were conducted on the Cu films up to 600 hours. Out-of-plane lattice spacings corresponding to the recrystallized and as-deposited grains were extracted from peak centers determined by fitting the diffraction data using a combination of Lorentzian and Pseudo-Voigt peaks, respectively [15] .
IV. RESULTS AND DISCUSSION
From the Eshelby-Kröner model, the elastically isotropic elastic constants are calculated to be C ) is equal to 394.7 GJ/m 3 for Cu. Calculated elastic strain energy densities for an (hkl)-oriented grain in an elastically isotropic matrix and an (hkl) fiber-textured film are plotted in Fig. 3 . Although both curves display the same qualitative trends with respect to the orientation parameter, Γ, the forms of this dependence differ. The strain energy density of an elastically anisotropic grain in an elastically isotropic matrix exhibits a linear dependence with Γ because the out-of-plane component of the interaction strain tensor, ε * 33 ∝ (Γ − (1/5) ). In particular, the strain energy density of a (111) grain in an elastically isotropic matrix is smaller than a (111) grain in a (111) fiber-textured matrix. Table I lists the total strain energy density and out-of-plane, normal component of the interaction strain tensor for a variety of orientations. Note that the in-plane orientation of the grain , and for an elastically anisotropic Cu grain in an elastically isotropic Cu matrix by the Eshelby inclusion method,
, as a function of the orientation parameter Γ. The closed circles correspond to values for specific (hkl) grain orientations, as listed in Table I . The horizontal dashed line corresponds to
, the normalized elastic strain energy density for an elastically isotropic inclusion. affects neither the strain energy density nor ε * 33 . As indicated in Table I , the strain energy density calculated for a hypothetically-oriented (1 ϕ 0) grain, for which Γ = 1/5 and ϕ refers to the golden mean [16] , possesses no interaction strains and is indicative of an elastically isotropic diffraction-averaged elastic tensor [17] .
The evolution of microstructure within plated Cu films can be described by the interplay between elastic strain energy and surface energy minimization. The initial growth of (111) grains proceeds until the decrease in surface energy is offset by the elastic strain energy increase [1] - [3] , [5] . The subsequent growth of (100)-oriented grains coincides with the saturation of out-of-plane growth of the (111) grains as observed in sufficiently thick, plated Cu films [15] . This development suggests that more elastic strain energy is released by the growth of (100) grains than the decrease in surface energy produced during the growth of (111) surfaces in the (111)-oriented grains. The increase in volume of (100)-oriented grains coincides with an increase in the out-of-plane (111) lattice spacing of the matrix, which would be indicative of (100) grains accommodating in-plane tensile strain generated within the matrix [6] . The out-of-plane (111) spacing of the matrix did not increase in films thinner than 0.7 μm, because recrystallized (100)-oriented grains did not appear.
We can compare this threshold thickness to calculations of the elastic strain energy based on the Eshelby inclusion method. The total strain in the inclusion, ε 0 ij + H ijkl ε * kl , can be simplified to a form that is a linear superposition of ε 0 ij and ε * ij :
If we assume that the volume-averaged strain in the matrix is equal to the applied strain, ε 0 ij , then the difference between the total strain in the inclusion and that of the matrix can be simplified using (23):
The difference in the out-of-plane spacings of the inclusion, d INC 3 , and the matrix, d MAT 3 , can be combined with (24):
where d 0 is the unstressed lattice parameter. According to (25), a larger out-of-plane lattice spacing in the inclusion relative to that of the matrix is expected for a (111) grain (ε * 33 > 0) under a tensile applied, in-plane strain, ε // . As Table I shows, the converse situation should occur for (100)-oriented grains, in which ε * 33 < 0. To quantify the difference in strain energy between the different grain orientations, we must determine the driving force present in the Cu films during recrystallization. We use X-ray diffraction measurements of the out-of-plane (111) lattice spacing, d 3 , of the recrystallized grains and the matrix in the initial microstructure to calculate a value of (d [6] , [15] . By using (25) and the results of the Eshelby inclusion analysis for (111) grains (ε * 33 /ε // = 0.612), the effective driving force, ε // , is approximately 0.1% in the plated Cu films. According to Table I, the corresponding decrease in elastic strain energy, U ESH , obtained by the recrystallization of (100) relative to (111) grains for ε // = 0.1% is approximately 151 kJ/m 3 . Because the (111) surface possesses the lowest surface energy in Cu, we can estimate the increase in energy required to grow (100) surfaces during room temperature recrystallization. Fig. 4(a) depicts the extrapolations of linear fits to Cu (100) and (111) surface energies measured at high temperatures by McLean [18] to ambient conditions (300 K), where a rough estimate of Δγ = 0.05 ± 0.03 J/m 2 is obtained. The calculated decrease in elastic strain energy between (111) and (100) grains in the plated Cu films under investigation is plotted in Fig. 4(b) . If we assume that the primary difference in the surface energy of a (100)-oriented grain as compared to the untransformed matrix is due to its top and bottom (100) surfaces, an additional 0.1 J/m 2 amount of energy would be required to sustain its recrystallization. According to Fig. 4(b) , an elastic energy criterion of 0.1 J/m 2 represents a threshold above which films exhibit (100) recrystallization, while films thinner than 0.7 μm do not. By examining the initial recrystallization within thinner plated Cu films, we can identify the evolution of microstructural elements that may also reduce the overall elastic strain energy. Fig. 5(a) depicts an electron backscattered pattern map of a 0.6 μm thick Cu film after 24 hours at room temperature, where a large (111) recrystallized grain can be observed within a mostly, untransformed matrix. A {511} twin appears adjacent to this grain which produces a lower elastic strain energy density than a (111) grain under a tensile, in-plane strain. According to Table I , this decrease in strain energy density for a (511)-oriented twin is approximately 79% of the value associated with a (100) recrystallized grain. Because a coherent twin boundary (0.04 J/m 2 for Cu) [19] possesses the smallest surface energy of any grain boundary, a possible microstructural configuration is illustrated in Fig. 5(b) , where the large aspect ratio of the twinned region can optimize the total energy reduction in films too thin to support (100) recrystallization.
V. CONCLUSION
Elastic strain energy densities within recrystallized Cu grains have been calculated using the conventional arrangement of a fiber-textured film and that based on the Eshelby inclusion method for an elastically anisotropic grain in a randomly oriented, isotropic matrix. The Eshelby inclusion approach predicts a linear dependence in both the out-of-plane interaction strain and elastic strain energy density with the orientation parameter, Γ, in addition to a lower strain energy than that of the fiber-textured film method. By comparing these results to experimental observations of the onset of (100) recrystallization in plated Cu films as a function of film thickness, we can quantify a threshold in elastic energy reduction that corresponds to the increase in surface energy needed to sustain (100)-oriented grain growth. The Eshelby inclusion method also reveals that the appearance of (511) twinning adjacent to (111) grains during the initial stages of Cu film recrystallization may also be the result of elastic strain energy reduction in thinner films.
